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Abstract. We discuss our present understanding of the transverse spin structure of the nucleon 
and of related properties originating from parton transverse motion. Starting from the transversity 
distribution and the ways to access it, we then address the role played by spin and transverse 
momentum dependent (TMD) distributions in azimuthal and transverse single spin asymmetries. 
The latest extractions of the Sivers, Collins and transversity functions are also presented. 
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Transversity and TMD distributions 

The study of the nucleon spin structure has made important progress in the last years. 
Our understanding of the longitudinal degrees of freedom, concerning both motion and 
spin content of partons inside unpolarized and longitudinally polarized fast moving 
nucleons, respectively encoded in the unpolarized quark distribution, q(x), and the 
helicity distribution, Aq(x) = q + / + — q~/+, is quite accurate. 

On the other hand the transversity distribution, Axq(x) = qy^ — (also denoted 
h\), despite its fundamental importance [Q]] and the intense theoretical work of the last 
decade |2|], has been accessed experimentally only very recently. The main difficulty 
in measuring this function is that, being chiral-odd, it decouples form inclusive deep 
inelastic scattering (DIS), since the so-called handbag diagram cannot flip the chirality 
of quarks. The only way to access this distribution is by coupling it to another chiral-odd 
quantity. A further feature of h\ is that it has no gluonic counterpart, implying a non- 
singlet like QCD evolution. Very recently an angular sum rule for the transversity, similar 
to that for the helicity distribution, has been proposed [HI]. Despite some controversy it 
could be extremely useful from a phenomenological point of view in perturbative QCD. 

In the usual collinear picture or when all the intrinsic transverse momenta (k±) are 
integrated over, the three twist-two parton distribution functions (PDF) q, Aq, and Ajq, 
give a complete description of the structure of a nucleon. On the other hand by taking 
into account the transverse motion a much richer description can be obtained. At leading 
twist, the correlations between spin and k± lead to five new distributions that disappear 
when the hadronic tensor is integrated over k±. For a detailed classification and relations 
between different notations for these functions see Refs. 0,S0,01- Here, by restricting 
only to transverse spin and transverse momentum correlations, we recall that: 
i) two possible TMD distributions may contribute to the spin asymmetry of transversely 
polarized quarks inside a transversely polarized nucleon (the unintegrated transversity 



distribution h\(x,k±) and a new function, hj- T (x,k±); ii) In a transversely polarized 
nucleon the azimuthal distribution of an unpolarized quark can be asymmetric: this effect 
is encoded in the chiral-even Sivers function flS], denoted as A N f q , p i (or /f^); Hi) In 
an unpolarized nucleon a quark can be transversely polarized orthogonally to the plane 
spanned by the quark and nucleon momenta: this effect is encoded in the chiral-odd 
Boer-Mulders function IllOn . denoted as A N f q \ i p (or h^). 

Analogously, in the fragmentation process into unpolarized hadrons, besides the un- 
polarized fragmentation function (FF), D h / q , a new spin and TMD function appears: the 

chiral-odd Collins function lllin . A N D h , q i or This gives the azimuthal asymmetry in 
the fragmentation of a transversely polarized quark into an unpolarized hadron. 

The Sivers (Boer-Mulders) function is naively T-odd under time reversal and this 
would imply its vanishing. On the other hand a direct calculation lfl2ll in a quark- 
spectator model showed that gluon exchange between the struck quark and the target 
remnants allows a nonzero Sivers mechanism in DIS at leading twist. As shown by 
Collins in Ref. [| 1 3fl . the gauge link entering the operator definition of PDFs is crucial. 
Under time reversal a future-pointing Wilson line, as probed in SIDIS, changes into 
a past-pointing Wilson line, as probed in Drell-Yan (DY), implying: A N f q i p \ |dis = 
—A N f q j p -\ |dy (i-e. a modified universality). Concerning the Collins FF, not forbidden by 
time reversal, in Ref. [Q3| it has been shown that the standard universality is preserved. 
This feature has been crucial in the first extraction of trans versity lfl5ll . 

For completeness we mention another class of functions relevant in our understanding 
of the nucleon structure, the generalized parton distributions: for their general properties 
see i.e. Ref. [16], while their connections to TMDs can be found in Ref. Il7ll . 

We discuss now how the study of transverse double spin asymmetries (DSA) in the 
collinear picture and of transverse single spin asymmetries (SSA) in a TMD approach 
could provide a powerful tool to learn on the transverse spin structure of nucleons. 



Transverse double spin asymmetries 

As already pointed out, to access h\ in a physical observable we need another chiral- 
odd partner. The most direct way, as originally proposed in Ref. [Q]], is via the transverse 
double spin asymmetry in Drell-Yan processes, p*p* — > £ + £~X: 

_doK-doK A L q e 2 q [hj(x h M 2 )hi(x 2 ,M 2 ) + (l^2)^ 



doK+don TT Z q e2[q(x h M2)q(x 2 ,M2) + (1^2)} 

where the last expression refers to leading order (LO) accuracy, in collinear pQCD, and 
where M is the invariant mass of the lepton pair and d TT is the elementary DSA for the 
qq — > £ + £~ process. Here one measures the product of two transversity distributions, one 
for a quark and one for an anti-quark. At large energies, like those reachable at RHIC, 
NLO corrections are small and LO expressions can be used. On the other hand as shown 
in Ref. fl8l] . Aj P T in this kinematical region is of the order of few percents: indeed, h\ 
for antiquarks is expected to be small and at such small x its non-singlet nature implies 
a strong suppression compared to q(x,M 2 ) entering the denominator of Ajj. 



A better way to access hi in DY processes is the transverse double spin asymmetry 
in the collision of polarized protons and antiprotons (implying a product of two quark 
transversity distributions) in a kinematical region of intermediate x values (to have a 
sizeable h\). These are the conditions of the experiment proposed by the PAX collabora- 
tion lfl9ll at GSI, where one expects A P ^ T ~ 20 — 40%. At such moderate energies, NLO 
corrections, which are significant for the unpolarized cross sections, almost cancel out 
in Ajt B2QQ. Moreover, to overcome the expected low event rates, Ref. [21] proposed 
to look at the J/\jf peak, where, gaining up to two orders of magnitude in the yield, by 
reasonable assumptions one might still have a direct access to h\. 

The inclusive production of photons or pions in collisions is another good 

channel to learn on h\. Here one expects larger rates compared to DY, but, due to the 
large gluon contribution in the denominator, Ajj might be very small. 

Still in the collinear factorization, one can look for a chiral-odd partner in the final 
hadron, like in £p^ — > £'A^X or p^ p — > A^X. In SIDIS, for the A polarization, we would 
have Pa ~ L^i ®&TD^/ q . The advantage here is the self-analyzing property of A hy- 
perons through their parity violating decay. The price is twofold: 1) the appearance of 
a new unknown chiral-odd function, AjD A j q (giving the probability that a transversely 
polarized quark fragments into a transversely polarized hadron); 2) the competing dom- 
inance of up quarks from the incoming polarized hadron and of strange quarks in the 
spin transfer to A via the fragmentation process. 



Azimuthal and transverse single spin asymmetries 



As shown in Ref. [220, m collinear pQCD a transverse SSA appears only as the 
imaginary part of interference terms between helicity-flip and non-helicity-flip partonic 
scattering amplitudes. Since at LO these are real and helicity is conserved for massless 
partons, it was natural to expect (in p^ p — > hX, for instance) 

do^-do^ . n 

A ^ = . t , . - Usm/Vs . (2) 

Contrary to these expectations several experimental observations show sizeable SSAs in 
the high-energy regime [EHHI^fJ. The TMD approach to p^p — > nX was indeed 



introduced to overcome this problem and a rich phenomenology ll2~7l l28l l29l 0] has 
been successfully developed. An alternative approach to these SSAs, extending the QCD 
collinear factorization theorems to higher-twist contributions, has been formulated rf3~ol 



3 111 . For an up-to-date overview on SSAs see i.e. Ref. [32]. 

Before focusing on the phenomenology of TMD distributions, we mention another 
tool to access the transversity distribution via SSAs, but still in a collinear factorization 



picture. Refs. [|33L 134(1 proposed to consider two-pion production in transversely polar- 
ized DIS: ip 1 * — > £nnX. This allows hi to be coupled to a new chiral-odd interference 
(or di-hadron) FF, 8qj. This SSA has been observed by HERMES [[35|l and more infor- 
mation on dqi is going to be gathered by Belle from the study of e + e~ — > hhX. 

The TMD approach applies naturally to leading-twist asymmetries, like SSAs in 
Drell-Yan processes and SIDIS, or azimuthal asymmetries in — > h\hjX, at low 



transverse momentum. For such processes TMD factorization has been proved 
Different groups have performed several phenomenological analyses 113 8l . 139 



3jj37h 



4lL 1421 143L 1441 145L 1461 . 14711 and their results are quite similar and consistent with each 



others. In the following we will skip unessential details, like assumptions in fitting 
procedures and experimental cuts, which can be found in the above referred papers. 



Drell-Yan processes: pp — > £ + 1 X 

This process is a clean tool to learn on TMD distributions. Data on unpolarized cross 
sections (do/dcos Odtyi) show a cos 20 dependence, that, if puzzling in LO and NLO 
collinear QCD, might be explained in terms of the convolution of two Boer-Mulders 
functions 11 1 ON . (j) is the azimuthal angle of the photon momentum in the Collins Soper 
lepton cm. frame w.r.t. the perpendicular lepton direction (identified by 0^). 

For transverse SSAs in DY, two mechanisms could play a role: the Sivers effect and 
the Boer-Mulders effect (coupled to Ajq). Again in a schematic way we have 

sin 2 

A N ^ [A N f q/p1 ® f 9/p sin(0 - S ) + (1 ^° os2e) Ar<7 ® A% /p sin(0 + &)] . (3) 

This means that by proper integration over the lepton-pair angular variables^ (0g) one 
can have a direct access to the Sivers function ||4~8|l . crucial to test the predicted modified 
universality. At the same time this SSA represents another tool to extract the transversity 
distribution. Experimental measurements are planned (i.e. RHIC, COMPASS). 



Azimuthal correlations in e + e — > h\ h2X 

This process, even without any polarization, is the clearest way to access the k±- 
polarization correlation in the fragmentation mechanism. The spins of the qq pair pro- 
duced in the lepton annihilation are strongly correlated and in the fragmentation into two 
nearly back-to-back hadrons via the Collins mechanism a clear azimuthal asymmetry 



might arise II49I1 . This effect has been observed by Belle at KEK II50L I51I1. In particular, 
two experimental methods have been adopted: 1) by reconstructing the 2-jet trust axis 
to look for a cos(0i + <fe) modulation (0i 2 are the azimuthal angles of the two hadrons 
w.r.t. the plane spanned by the lepton momenta and the thrust axis); 2) by observing the 
azimuthal dependence of one hadron w.r.t. the plane spanned by the other hadron and the 
incoming beam, a cos(20o) dependence arises. In both cases one accesses the product 
of two Collins functions. By suitable integrations, see Ref. Il5ll . one gets 

dO ~ 1 £[( 1 + COs2e ) D h 1 / q (zi)D h2/ q(Z2) 

+ sin 2 9 A N D hi/q] (zi)A N D h2/ ^ (z 2 ) x cos(0! + 2 )] [or x cos(20 o )] . (4) 



Notice that the combination ((j> — (j>s), related to the Sivers effect, does not depend on . 
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FIGURE 1. Left: Latest fit JH] of the cos(0i + 02) modulation observed by Belle in e + e~ — ► %%X IrJlll . 
Right: Extracted favoured and unfavoured Collins functions. Shaded areas show the uncertainty on this 
extraction (wider bands correspond to the fit of Ref. IU5I0 . 



In the study of Ref. 111511 the first data from Belle [50] were used. New and more 
accurate data, recently released, have allowed a better extraction of the Collins function. 
In Fig. Q] we show the preliminary updated fit I142ll of the latest high statistics Belle 
data [51] (left panel) and the corresponding favoured (i.e. u — > K + ) and unfavoured 
(i.e. n + ) Collins functions (right panel). From these results we can conclude that the 
Collins effect is sizeable, and favoured and unfavoured Collins functions, comparable in 
magnitude, have opposite sign. Notice that this information has been crucial in the global 
analysis involving the Collins effect in SIDIS and leading to the extraction of h\. 



SIDIS processes: £p — > £' hX 



Also in this case the unpolarized cross section exhibits interesting azimuthal depen- 
dences that could be explained in terms of TMD distributions. In particular, the con- 
volution of unpolarized k± -dependent PDFs and FFs gives rise to the so-called Cahn 
effect [520. This has been indeed used for the extraction of the k± behaviour of TMD 
distributions [53]. Moreover a cos20/ 7 dependence could be ascribed to the convolution 
of the Boer- Mulders function with the Collins FF [|54l.[5|l. 

Transverse SSAs in SIDIS have been the gold channel to access for the first time the 
Sivers function and the transversity distribution (this together with the Collins function 
by a combined analysis of SIDIS and Belle e + e~ data). This has been possible thanks 



to dedicated experimental programs by HERMES [|55L I56L l57|] (with hydrogen target) 
and COMPASS SSB (with deuteron target) collaborations. In particular, thanks 
to their latest high statistics data |57L_6Cl] we have been able to improve our knowledge 
of the Sivers (including sea quarks) [|4lTl 7 Collins and transversity functions ll42ll . 
In a schematic form (t/npolarized lepton, Transversely polarized target) we have 



A UT ~ £ [&%/ p i ®D h/q sin(0 /; - fa) + 



l-y 



A T q®A N D h/q1 sm(fa + fa)]+- 



1 + (1-V)2— 

(5) 

where fa (fa) is the azimuthal angle of the observed hadron momentum (target polar- 
ization vector) in the photon-nucleon cm. frame, measured from the leptonic plane |@]. 
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FIGURE 2. Left: Fit JH of HERMES A^ v ™ data |57||. Right: Sivers function (and its first k ± - 
moment) for up and down quarks (solid curves) compared with results (dashed curves) from our previous 
analysis lf39ll . Uncertainty bands are also shown. 



An extra term involving again the Collins function coupled to the hjj distribution and 
providing a sin(30/ 7 — 0s) azimuthal modulation has been omitted. 

The different azimuthal dependence in Eq. [5] allows the separation of Sivers and 
Collins effects. It is therefore common to consider the following azimuthal moments 



fd$ h dUd<y(fc)+do(fc+7ty 



In Fig. |2] (l eft) we show the latest analysis ||4~Hl of Sivers asymmetry data from 
HERMES D7ll and (right) the Sivers function for up and down quarks (solid lines) 
compared with the results from our previous study (dashed lines) Q3S 



In Fig. [3] (left) we show the updated fit ll42h of Collins asymmetry data from HER 



MES [57] and (right) the extracted transversity distribution for up and down quarks. 

Notice that COMPASS SSA data on deuteron, even if compatible with zero, comple- 
ment with HERMES results concerning flavour separation of TMDs. 

From these analyses we see that: 1) The Sivers functions for valence quarks are 
sizeable and opposite in sign for up and down quarks; 2) Transversity is different from 
zero, smaller than its Soffer bound Irolh . with up quarks carrying a degree of transverse 
polarization bigger (and opposite in sign) than down quarks. 



SSAs in pp —r hX 



Despite a clear experimental evidence and a rich phenomenology in the TMD ap- 
proach, this case mi ght deserve further theoretical study. Assuming a TMD factoriza- 
tion, both the Sivers Q29Q and the Collins B62D mechanism might explain the large SSAs 
observed in pp — > nX. The extension of the universality of the Collins function to pp 
collisions is presented in Ref. [630, while, even though at a phenomenological level, 
Ref. ll64ll shows the compatibility of the Sivers effect in SIDIS and pp — ► TtX. For such 
a process the two mechanisms are not separable and information from less inclusive re- 
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FIGURE 3. Left: updated fit JH of HERMES A^ (fe+ * s) data |H1 . Right: transversity distribution for 
up and down quarks. For comparison we show the wider error bands from our previous analysis lfl5ll and 
the Soffer bound JEH (bold lines). 



actions, like ptp-> yjetX(A N f q/p ^) [65] orplp-* njetX (hi®A N D z/qr ) H, could 
help. 

The effective investigation of the nucleon transverse spin has definitely started. Much 
progress has been made and further work is needed both theoretically (a more solid 
picture of SSAs in the TMD approach, <2 2 -evolution of TMDs) and experimentally 
(DSAs and SSAs in DY processes, data at large x and for less inclusive processes). 

I am deeply in debt with M. Anselmino, M. Boglione, A. Kotzinian, E. Leader, 
S. Melis, F. Murgia and A. Prokudin for their invaluable collaboration. 
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